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Structural,  magnetic,  ferroelectric  and  magneto-electric  studies  of BaTiO3 (BTO)–x  Ni0.5Zn0.5Fe2O4 (NZFO)
ceramic  composites  are  reported.  The  fraction  of  NZFO,  i.e.,  ferrite  phase  is  varied  from  0%  to 15%. The pre-
pared ceramics  are  studied  using  X-ray  diffraction,  Raman  spectroscopy,  magnetization  and ferroelectric
measurements.  Using  X-ray  diffraction  and  Raman  spectroscopy  measurements,  the bi-phase  formation
of the  composites  is conﬁrmed.  From  the  high  temperature  magnetization  measurements,  anomaly  in
the  magnetization  is observed  at ferroelectric  transition  temperature  of  BTO  phase  indicating  the  pres-
ence  of  magneto-electric  coupling.  Positive  Up Negative  Down  (PUND)  measurements  are  employed  to
capture  the true  ferroelectric  polarization,  i.e.,  true  switched  charge  density  (QS). The  strength  of  ME  cou-7.84.−s
eywords:
agneto-electric ceramic composites
aTiO3
pling  is  studied  by measuring  the  QS before  and after  magnetic  poling  and  it is observed that  for  x = 10%
composition  the ME  coupling  is  maximum  for  the  studied  compositions.
© 2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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. Introduction
In recent years, composite magneto-electric (ME) materials,
onsisting of magnetic and piezoelectric/ferroelectric (FE) phases,
re being explored extensively in the literature because of various
pplications including four-state logic memory devices, magneto-
lectric random access memory, sensors, etc. [1]. In such composite
aterials, the ME  effect is a result of the product of the mag-
etostrictive effect (magnetic/mechanical effect) in the magnetic
hase and the piezoelectric effect (mechanical/electrical effect) in
he piezoelectric phase. In other words, in composite multifer-
oics, the coupling between magnetic and electric order parameters
s a strain mediated one. The studied composite ME materials
re in the form of ceramics, thin ﬁlms and multilayers [1]. Lead
irconate titanate (PZT) and barium titanate BaTiO3 (BTO) are∗ Corresponding author.
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Bostly used as FE component, whereas the ferrites are mostly
sed as magnetic component of the ME  composites [2–10]. Since
he resistivity of the ferrite phase is not as good as that of FE
aterials, in such ME  composites, what becomes an important
ssue is the percentage of ferrite phase. As the ferrite content
ncreases, it becomes difﬁcult to apply high voltages (as required
or recording the FE hysteresis P-E loops) and therefore limit the
pplicability of these materials. For example, Adhlakha et al. stud-
ed Ni0.75Zn0.25Fe2O4–Ba(Ti0.85Zr0.15)O3 composites and reported
hat the ME  effect is maximum for 40 mol% of ferrite phase [8].
reenivasulu et al. studied BTO–NiFe1.98O4 nano-composites and
eported the highest magneto-electric voltage coefﬁcient (˛E) of
52 mV  cm−1 Oe−1 for 40% of ferrite composition [7]. Arti et al.
10] have reported that maximum ME  effect is observed when the
errite phase is 10% in the studied composites consisting PZT as
E phase. It is also reported that close to percolation threshold
f ferrite volume, the composites exhibit enhanced magnetic and
lectrical properties [3,5]. It is well known that the structural, mag-
etic and electrical properties of ferrites are strongly dependent on
omposition, preparation method, etc. [11–13]. In Ni–Zn ferrites,
or example, an increase of porosity with Zn content, an increase of
esistivity with 2% rare-earth doping are reported in the literature
11,13]. Therefore, it is required to ﬁnd out the optimum ferrite
for a given composition obtained from a particular preparation
ethod, etc.) fraction in a composite in terms of ME  response.
In the present work, we report the preparation of (1 − x)
aTiO3–x Ni0.5Zn0.5Fe2O4 (x = 5, 10 and 15%) composites and the
ian Ceramic Societies 1 (2013) 346–350 347
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Fig. 1. XRD patterns of (1−x) BaTiO3–x Ni0.5Zn0.5Fe2O4 (NZFO) composites. Symbols
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peak at 650 cm is observed for the NZFO. The origin of this broad
peak in NZFO is reported to be due to the large mass difference
between Ni2+, Fe2+ and Zn2+ [23,24]. The data of composites mainly
consist of the peaks corresponding to BTO. However, the signaturesS.K. Upadhyay et al. / Journal of As
ptimum concentration of Ni0.5Zn0.5Fe2O4 (NZFO) phase frac-
ion for better ME  effect. Usually in conventional P-E hysteresis
easurement, one would get the contributions from resis-
ance/capacitance changes apart from the hysteretic ferroelectric
olarization variations. Therefore, methods, free from such arte-
acts, are being used in the recent literature to overcome these
ifﬁculties. Positive Up Negative Down (PUND) is one such method,
hich uses successively two positive and two  negative electrical
ulses to directly measure the true switched charged density (QS),
.e., switchable ferroelectric polarization [14–20]. We  have used
UND method to capture QS in the present work and observed that
0% of NZFO phase fraction is optimum for obtaining better ME
ffects of the studied composition.
. Experimental
For the preparation of BaTiO3 (BTO), equi-molar amount of bar-
um carbonate (99.99%) and titanium oxide (99.99%) were mixed
horoughly using acetone as mixing medium. The mixed powder
as calcinated at 900 ◦C for 12 h. The calcinated powder was then
round for 4 h and pre-sintering was done at 1100 ◦C for 12 h.
he ferrite phase, i.e., Ni0.5Zn0.5Fe2O4 (NZFO) was prepared by
hemical route. The chemical reagents used to synthesize NZFO
ere iron nitrate (Fe(NO3)3·9H2O), nickel nitrate (Ni(NO3)2·5H2O),
inc nitrate (Zn(NO3)2·5H2O), citric acid, nitric acid (HNO3), and
ilute ammonia solution. After the standard sol–gel procedure,
he resultant NZFO powder was calcinated at 500 ◦C for 6 h. Thus
btained BTO and NZFO powders were mixed in molecular ratios
f 95:5, 90:10, and 85:15 mol% respectively. The mixed powder
as pressed into pellets and ﬁnally sintered at 1200 ◦C for 12 h.
part from the composites, pure BTO and NZFO ceramics were also
repared, for the comparison, by sintering at 1200 ◦C for 12 h.
The XRD is recorded using D8-Discover system of M/s  Brucker
quipped with Cu-K˛ radiation ( = 0.154 nm) with a scan step
f 0.02 ◦ and a counting time of 0.5 s/step in the range of
 = 20–80◦. Raman spectroscopy measurements were carried
ut in the back-scattering geometry using Labram-HR800 micro-
aman spectrometer equipped with Ar laser excitation source,
0× objective lens, an appropriate edge ﬁlter and a Peltier-cooled
harge coupled device detector. The P-E and the PUND (Positive Up
egative Down) measurements were carried out by using M/s  Radi-
nt Premier-II system. The magnetic measurements were carried
ut with Lake Shore 7300 vibrating sample magnetometer (VSM).
. Results and discussions
Fig. 1 shows the X-ray diffraction (XRD) patterns of the prepared
amples. Peaks corresponding to BTO phase are clearly seen in the
atterns. As the NZFO phase fraction is relatively small in the com-
osites, the peaks corresponding to NZFO phase are rather weak
nd therefore are shown in a enlarged view as inset of Fig. 1. Fur-
her, Rietveld reﬁnement of the XRD data was  carried out using
ullProf program [21]. From reﬁnement, best ﬁt to the data are
bserved by considering BTO phase with tetragonal perovskite
space group = P4mm)  and ferrite phase with spinel structure (space
roup = Fd3m). The obtained lattice parameters for both the BTO
nd the NZFO phases are same for the three composite samples
ithin the experimental errors.
Fig. 2 shows the Raman spectra of prepared composites along
ith pure BTO and NZFO ceramics for comparison. The Raman
pectra of BTO shows a broad peak at 260 cm−1 [E(TO)], a sharp
eak at 305 cm−1 [E(TO+LO)], an asymmetric peak near 516 cm−1
E(TO)] and a broad peak at 714 cm−1 [E(LO)], where the mode
ssignment is given inside the square brackets. The present Raman
F
a
pepresent the experimental points, solid line (red color) represents the best ﬁt to
he  data and the residual (blue line) is also shown. Inset shows the enlarged view
epicting the NZFO phase.
ata of BTO match excellently with the literature as reported for
ulk BTO [22]. The Raman spectra of NZFO exhibit sharp modes at
38 cm−1, 482 cm−1, 698 cm−1 corresponding to ﬁrst-order Raman
ctive modes of A1g + Eg + Tg. Apart from these modes, one broad
−1ig. 2. Raman spectra of (1−x) BaTiO3 (BTO)–x Ni0.5Zn0.5Fe2O4 (NZFO) composites
long with BTO and NZFO samples. Vertical solid and dotted lines show the mode
ositions corresponding to BTO and NZFO phases respectively.
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Fig. 3. Room temperature M-H  data of (1−x) BaTiO3 (BTO)–x Ni0.5Zn0.5Fe2O4 (NZFO)
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Fig. 4. Temperature dependent magnetization (M-T) data of 0.85 BaTiO3–0.15
Ni0.5Zn0.5Fe2O4 composite. The data are measured in an applied magnetic ﬁeld of
1  kOe. Bottom inset shows the derivative of magnetization and note the anomaly
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after TC−FE, which is because of the fact that the P-E loops become
more leaky in nature as the temperature is increased. The origin
of this leaky behavior is mainly because of the presence of ferriteomposites. Bottom inset shows the RT M-H  data of pure NZFO ceramic. The top inset
hows the variation of saturation magnetization (MS) as a function of NZFO phase
raction.
f NZFO are also seen in the Raman data of composites. For exam-
le, the BTO Raman mode at 516 cm−1 of composite samples is
ot symmetric on the lower wave-number side, which is because
f the feature of NZFO occurring at 482 cm−1. Similarly, the broad
eak of 650 cm−1 corresponding to NZFO is clearly seen in all the
omposite samples. Therefore, the presented X-ray and Raman data
onﬁrm the formation of bi-phase composites consisting NZFO as
errimagnetic and BTO as ferroelectric in the prepared composite
amples.
Fig. 3 shows the room temperature (RT) magnetic hysteresis (M-
) loops of all the composite samples. The obtained magnetic signal
s basically coming from the NZFO phase present in the samples.
ottom inset of Fig. 3 show the RT M-H  data of pure NZFO ceramic.
he top inset of Fig. 3 shows the variation of saturation magneti-
ation (MS) as a function of NZFO phase fraction and it is observed
hat as the ferrite fraction is increasing, the MS is found to increase
s expected. Further temperature dependent magnetization (M-T)
easurements were carried out for x = 15% composite sample and
he data are shown in Fig. 4. Top inset of Fig. 4 shows the plot of
nverse susceptibility (1/) versus temperature. The high temper-
ture data are extrapolated linearly and the fact that the intercept
C) is positive on the temperature axis indicates the ferrimagnetic
rdering of the sample. The derivative of the magnetization data
after taking the derivative, the data are averaged with 5 point adja-
ent averaging) is shown as inset of Fig. 4 and one can clearly see
he anomaly in the M-T  data close to the FE transition tempera-
ure (TC−FE). Such a magnetic anomaly at TC−FE, considered to be an
emonstration of ME coupling, is reported in other composite ME
amples such as BaTiO3–CoFe2O4 nanostructures [25].
Fig. 5 shows the RT ferroelectric (P-E) loop data of the three
omposite samples measured at 50 Hz. Bottom inset shows the
T P-E data of pure BTO sample measured at 50 Hz. It is to be
oted that for the pure BTO sample, saturated P-E loops could
e recorded for ﬁelds of the order of 15 kV/cm, whereas even for
elds as high as 50 kV/cm, the P-E loops of composite are not sat-
rated. However, the positive curvature of the P-E loops indicates
hat the contribution of leakage current is minimum. In order to
onﬁrm this, we have measured P-E loops at room temperature at
ifferent frequencies. The top inset of Fig. 5 shows the P-E data of
 = 5% sample and the observed data show almost an negligible fre-
uency dependence indicating that the contribution of leaky linear
F
(
f
lcross the ferroelectric transition temperature (TC−FE) indicating the maneto-
lectric coupling. Top inset shows the plot of inverse susceptibility (1/) versus
emperature demonstrating the ferrimagnetic ordering of the composite.
ielectric behavior is minimum for this sample [26]. Further high
emperature P-E loops of the composite and pure BTO ceramics are
easured across the TC−FE of BTO phase. Fig. 6 shows the high tem-
erature P-E data of pure BTO across TC−FE and the inset shows the
ariation of saturation polarization (PS) and remananet polariza-
ion (PR) as a function of temperature. Fig. 7 shows the variation
f Pmax and PR obtained from the high temperature P-E data of the
omposite samples. Ideally speaking for a single crystal BTO, the
R becomes zero sharply at TC−FE, but in polycrystalline BTO sam-
les the transition becomes broad because of various parameters
ncluding grain boundary contribution, etc. [27]. However, for com-
osite samples it is observed that PR is increasing continuously evenig. 5. Room temperature (RT) P-E data of (1−x) BaTiO3 (BTO)–x  Ni0.5Zn0.5Fe2O4
NZFO) composites. Top inset shows the P-E data of x = 5% sample measured at dif-
erent frequencies and the bottom inset shows the RT P-E data of pure BTO. P-E
oops are measured at 50 Hz.
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which could be understood in terms of magnetostriction of fer-ig. 6. High temperature P-E loops of BaTiO3 (BTO). Inset shows the variation of
aturation polarization (PS) and remananet polarization (PR) across ferroelectric
ransition temperature (TC−FE) of BTO.
hase in the composites and as the fraction of NZFO is increasing,
he contribution of leakage current is also increasing. Therefore, in
uch samples the P-E loop data as presented in Fig. 5, may  not accu-
ately give the value of true FE polarization, i.e., switched charge
ensity.
We have used PUND (Positive Up Negative Down) measure-
ents to capture the true polarization. This method initially
eported by Scott et al. [14–16], is being used in recent litera-
ure to measure the FE properties of leaky multiferroic samples
nd is expected to give the true FE polarization as compared to
he P-E loop data [17–20]. PUND basically consists of applying ﬁve
oltage pulses (Vmax) of certain pulse width and delay to the sam-
le, in which the initial pulse is used to preset the sample to the
olarization state opposite the sign of Vmax. After this preset pulse,
wo pulses (second and third) of +Vmax with a certain pulse delay
re applied and the polarization is measured after each pulse. It
s to be noted that after the second pulse what is measured is the
otal amount of polarization (P*) switched (which includes the true
witched charged density due to FE and all other contributions
ncluding leakage current, etc.) and after the third pulse what is
easured is the amount of polarization (P′) excluding the switched
ig. 7. Temperature variation of maximum polarization (Pmax) and remananet
olarization (PR) of (1−x) BaTiO3 (BTO)–x Ni0.5Zn0.5Fe2O4 (NZFO) composites across
erroelectric transition temperature (TC−FE). Solid circles represent the data of PS and
olid stars represent the data of PR .
r
m
m
F
oig. 8. PUND results of (1−x) BaTiO3 (BTO)–xNi0.5Zn0.5Fe2O4 (NZFO) composites
efore and after magnetic poling. The pulse amplitude (Vmax) is selected to have an
pplied electric ﬁeld of 36 kV/cm for all the samples with pulse width of 20 ms  and
ulse delay is 1 ms.
harged density due to FE. Therefore, the true switched charged
ensity (QS) is obtained as QS = P* − P′. Fourth and ﬁfth pulses are
imilar to second and third pulses switching the sample in −Vmax
irection.
Fig. 8 shows the PUND data of three composite samples before
nd after magnetic poling. Only the data corresponding to the sec-
nd and third pulses are shown as the data of fourth and ﬁfth pulses
re similar to the second and third pulses, respectively, but opposite
n sign. For probing the ME  coupling we  have measured the PUND
ata of the composites before and after the magnetic ﬁeld poling
s often reported for other multiferroic materials in the literature
9,28–30]. All the samples were poled in the presence of 0.7 T mag-
etic ﬁeld for 1 h and then the PUND measurements were carried
ut, i.e., the measurements were carried out with the sample in
he remanent magnetic state. It is observed that the polarization is
educed for all the three composites because of magnetic poling,ite phase present in the composites. The NZFO exhibits negative
agnetostriction and therefore shrinks by the application of the
agnetic ﬁeld [31]. Due to this, NZFO will impose stress to the BTO
ig. 9. Variation of switched charge density as a function of BaTiO3 (BTO) fraction
f  the (1−x) BaTiO3 (BTO)–x  Ni0.5Zn0.5Fe2O4 (NZFO) composites.
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hase of the composite across the interface and hence reducing the
etragonality and ferroelectric polarization of BTO phase [32]. The
trength of ME  coupling deﬁned as [(QS(0) − QS(H))/QS(0)] × 100 is
stimated from the data and is plotted in Fig. 9. It is observed that
he ME  effect is maximum for the x = 10% sample in the studied
omposites.
In conclusion structural, magnetic, ferroelectric and magneto-
lectric (ME) studies of BaTiO3 (BTO)–x  Ni0.5Zn0.5Fe2O4 (NZFO)
eramic composites with x = 0–15% are reported. The presence
f bi-phase is conﬁrmed from the X-ray diffraction and Raman
pectroscopy measurements. The presence of room temperature
agnetic and electric ordering is conﬁrmed by recording the M-H
nd P-E loops. The presence of ME  coupling is demonstrated by the
bservation of an anomaly in the M-T  data at ferroelectric transition
emperature. PUND measurements are carried out to capture the
rue ferroelectric polarization and it is observed that the composite
ith 10% of NZFO exhibits maximum ME  coupling.
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